Abstract. Angiogenesis is required for lung cancer growth, which is mediated by various growth factors such as vascular endothelial growth factor (VEGF). Increases in VEGF and angiogenesis have been correlated with poor prognosis and survival in patients with lung cancer. In addition, recent reports show that estradiol and nicotine play important roles in lung tumor initiation and progression. In this report, we demonstrate that estradiol and nicotine exposure enhances the growth of A549 bronchioloalveolar carcinoma xenografts in mice through the stimulation of cell proliferation, VEGF secretion and angiogenesis. We detect a four-fold increase in microvascular density in tumors from mice exposed to estradiol and nicotine compared to control tumors resulting in an increase in tumor growth. Intriguingly, the effects on angiogenesis and tumor growth by the combination of agents were additive when compared to either agent alone. Furthermore, estradiol promotes VEGF secretion from various non-small cell lung carcinoma (NSCLC) cells and this effect is augmented by nicotine in a tumor xenograft model. These results indicate that aside from their roles in promoting cell proliferation, estradiol and nicotine appear to have additive effects on the induction of angiogenesis through the stimulation of VEGF secretion during NSCLC progression.
Introduction
Lung cancer is the leading cause of cancer deaths in the United States and continues to be a major problem throughout the world (1, 2) . Currently, the number of yearly lung cancer deaths in women exceeds the combination of breast, ovarian and uterine cancer deaths. Increasing evidence reveals that hormonal variations among the sexes can lead to differences in the development of lung cancers (3) . Specifically, estrogens appear to play an important role in lung tumorigenesis. Recent reports have demonstrated the presence of functional estrogen receptors in lung cancer cell lines (4) (5) (6) (7) . Furthermore, estradiol has been shown to promote lung tumor cell proliferation in vitro and in vivo (4) (5) (6) (7) .
In solid tumors such as human lung cancers, angiogenesis is required for tumor growth and is responsible for assuring the delivery of oxygen and nutrients, removal of waste products and the facilitation of metastasis (8) . Angiogenesis is a complex multi-step process involving the formation of new blood vessels from pre-existing vascular networks and plays important roles in lung cancer progression (9) . Accumulated evidence demonstrates that a balance of pro-and anti-angiogenic factors regulates angiogenesis. An important activator in this process is vascular endothelial growth factor (VEGF)-A. VEGF is a specific, potent growth factor of endothelial cells increasing their proliferation and migration thereby promoting angiogenesis (10) . In lung cancer, increases in VEGF levels, microvascular density and neovascularization have been correlated with poor patient prognosis and survival (11) . Currently, a variety of anti-angiogenic agents are in clinical development to target VEGF and its signaling for the treatment of lung cancer (12) . A variety of stimuli including hypoxia, growth factors, cytokines and steroid hormones such as estrogens regulate VEGF gene expression in normal and tumor cells (13) (14) (15) . However, whether estradiol modulates angiogenesis through the stimulation of VEGF expression/ secretion in lung cancer cells has not been studied.
Smoking is the major cause in the development of lung cancer (16) . A major component of tobacco smoke well known for its addictive properties is nicotine. In addition to its roles in tobacco dependence, nicotine increases lung tumor cell proliferation through the stimulation of nicotinic acetylcholine receptors and the Akt signaling pathway (17) . Recent reports demonstrate that nicotine promotes tumor angiogenesis through the stimulation of several cell types that are important in tumor progression. For example, endothelial cells express functional nicotinic receptors (18) and stimulation of these receptors with nicotine induces (19) . Furthermore, nicotine increases expression of VEGF in endothelial cells (20) and stimulates angiogenesis in a mouse tumor model (21) through the ·7 nicotinic acetylcholine receptor (22) . However, whether nicotine can further augment lung tumor angiogenesis in combination with estradiol is not known. The goal of this study is to determine whether estradiol and nicotine act in conjunction in stimulating lung tumor angiogenesis. Here, we report that estradiol and nicotine exposure enhances the growth of A549 bronchioloalveolar carcinoma xenografts in mice through increases in cell proliferation, VEGF secretion and angiogenesis. To our knowledge, this is the first study to examine the effects of estradiol and nicotine in combination on lung tumor growth and angiogenesis. These findings may have important implications on current strategies for smoking cessation and treatment of lung cancers.
Materials and methods
Reagents and antibodies. ß-estradiol and (-)-nicotine were obtained from Sigma-Aldrich (St. Louis, MO). 17-ß-estradiol (E 2 , 0.72 mg, 60-day slow release pellets) were purchased from Innovative Research of America (Sarasota, FL). The following antibodies were used in our studies: goat anti-human Ki-67 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-human VEGF-A polyclonal antibody (Santa Cruz), rat anti-mouse CD31 (PECAM-1) monoclonal antibody (BD BioSciences Pharmingen, San Jose, CA), mouse anti-human VEGF monoclonal antibody (BD BioSciences Pharmingen) and goat anti-human ß-actin polyclonal antibody (Santa Cruz). Other materials and reagents were from Fisher Scientific (Pittsburgh, PA), Invitrogen (Grand Island, NY) or Sigma.
Cell culture. The following cell lines were utilized in our studies. Human A549 bronchioloalveolar carcinoma and H23 lung adenocarcinoma cells were obtained from American Type Culture Collection (Rockville, MD). The 128-88T, 91T and 784T primary non-small cell lung carcinoma (NSCLC) cell lines were a kind gift from Dr Jill M. Siegfried (University of Pittsburgh Cancer Institute, Pittsburgh, PA) (4-7). The cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS (Hyclone, Salt Lake City, UT) and 1% penicillin-streptomycin (Sigma) or in phenol-red free DMEM supplemented with 1-10% charcoal-stripped serum (CSS, Hyclone).
A549 bronchioloalveolar carcinoma xenografts. A549 cells (1x10 7 cells) were suspended in PBS and subcutaneously implanted into the flank of 6 week-old ovariectomized female nude mice (Harlan, Indianapolis, IN) supplemented with or without E 2 pellets. In addition, certain mice received nicotine (200 μg/ml) via their drinking water. The mice were divided into four experimental groups consisting of 8 mice per group: i) control, ii) nicotine, iii) E 2 and iv) E 2 plus nicotine. Tumor volume was estimated every five days using width (a) and length (b) measurements (a 2 b/2, where a < b). At the end of the experiments, the tumors were excised, embedded in OCT, sectioned and stored at -80˚C (23).
Immunohistochemical staining. Immunohistochemical (IHC) analyses were performed to assess microvascular density (MVD), cell proliferation and VEGF secretion using anti-CD31 (1:1000), anti-Ki-67 (1:500) and anti-VEGF (1:500) antibodies. All of the primary antibody reaction products were subsequently visualized with their respective biotinylated secondary antibodies. The antibody complexes were developed with DAB and counterstained. The images of antibody staining from serial sections in each treatment group were captured using an Olympus BX51 microscope (Melville, NY) equipped with a digital camera (24) .
Quantitative analyses of IHC staining. Quantitative analyses for MVD and proliferating nuclei were performed as previously described (23) . The MVD was calculated as the ratio of positively stained areas to the total area of the field. The proliferation index of the A549 xenografts was assessed in a similar manner and calculated as a percentage of Ki-67-positive nuclei (brown color) to the total number of nuclei (blue color) within the same microscopic field.
In vitro cell proliferation assay. The effect of estradiol and/or nicotine on A549 cell proliferation was determined by the Biotrak cell proliferation ELISA system (Amersham Pharmacia Biotech, Piscataway, NJ). Briefly, A549 cells (3x10 3 ) were seeded into 96-well plates with DMEM containing 10% FBS. Twenty-four hours later, the cells were washed, and the medium was changed to serum-free/phenol red-free DMEM with or without increasing concentrations of estradiol (0.1, 10, 50 and 100 nM) and/or nicotine (100 nM, 500 nM, 1 μM or 10 μM) for 72 h. BrdUrd was added into the wells during the last two hours of the incubation period. Afterwards, the proliferation of the cells was measured according to the manufacturer's instructions. Data were normalized against the vehicle-treated control cells and expressed as percent increase in BrdUrd incorporation.
In vitro VEGF secretion. The effect of estradiol and/or nicotine on the secretion of VEGF from NSCLC cells was assessed using a Quantikine human VEGF immunoassay kit (R&D Systems, Inc., Minneapolis, MN) as previously described (23) . Briefly, human NSCLC cells (2.5x10 5 ) were seeded into 12-well plates with DMEM containing 10% FBS. The next day, the cells were washed, and the medium was changed to serum-free/phenol red-free DMEM for 24 h. After this period, the cells were exposed to phenol red-free DMEM containing 1% CSS with or without increasing concentrations of estradiol (0.1, 1 and 10 nM) and/or nicotine (100 nM, 500 nM, 1 μM or 10 μM). After 48 h, VEGF in the collected conditioned media (CM) was measured according to the manufacturer's instructions. To rule out the effect of increased tumor cell proliferation, the VEGF concentration was first normalized to the total cell number for each estradiol concentration. Afterwards, the data were normalized against the vehicletreated control cells and expressed as percent increase in VEGF secretion.
Western blot analysis. Tumor tissue from each treatment group was suspended in RIPA buffer containing protease inhibitors and lysed. Afterwards, the tissue lysates were centrifuged, supernatants were collected and equal amounts of total protein (30 μg) were separated on a SDS/10% polyacrylamide gel then transferred to an Immobilon-P membrane (Millipore, Bedford, MA). The membrane was subjected to Western blot analysis using a mouse monoclonal anti-VEGF antibody (1:1000) and a goat anti-ß-actin (1:2000) antibody as previously described (25) .
Statistical analysis. Statistical analyses were performed using Student's t-test or a One-way ANOVA followed by a Newman-Keuls post-hoc. A p<0.05 was considered statistically significant. Data were expressed as the mean ± the standard deviation (SD) or the standard error of the mean (SEM).
Results
Estradiol and nicotine enhance A549 bronchioloalveolar carcinoma growth in mice. A549 cells were subcutaneously implanted into the flanks of ovariectomized nude mice with or without exposure to estradiol, nicotine or estradiol plus nicotine. At 36 days post-implantation, mice that received the combination of estradiol and nicotine developed significantly larger A549 tumors (Fig. 1A) , with a final tumor volume of 800±86.1 mm 3 compared to 418±50.4 mm 3 for the control animals (Fig. 1B) . In contrast, there was no significant difference in tumor volume between the estradiol-(595±29.6 mm 3 ) and nicotine-treated (507±79.6 mm 3 ) groups compared to the controls (418±50.4 mm 3 ). Interestingly, the estradiol and nicotine combination enhanced tumor growth within 10 days of tumor cell implantation (Fig. 1A) . Equally, differences in tumor weights paralleled the fold changes as seen in the tumor volume measurements (data not shown). Thus, the combination of estradiol and nicotine exposure promoted A549 bronchioloalveolar carcinoma growth in mice.
Estradiol and nicotine enhance tumor cell proliferation in vitro and in vivo. Next, we determined the effects of estradiol and/or nicotine on the cell proliferation of A549 tumors from the various treated mice using Ki-67 IHC. Mice that were exposed to nicotine alone ( Fig. 2A, panel b) or estradiol alone ( Fig. 2A, panel c) demonstrated a higher percentage of Ki-67-positive nuclei versus the controls (Fig. 2A, panel a) . Quantification of the IHC for Ki-67 revealed a >2-fold increase in proliferating nuclei (Fig. 2B ). More importantly, the combination of estradiol and nicotine lead to an augmentation of cell proliferation compared to either agent alone ( Fig. 2A,  panel d) . This result demonstrated a >4-fold increase in proliferation when compared to control mice (Fig. 2B) .
We examined whether estradiol, nicotine or their combination would promote A549 cell proliferation in vitro. Fig. 2C shows that estradiol alone stimulated A549 cell proliferation at concentrations ranging from 1 to 100 nM. Interestingly, nicotine exposure did not promote BrdUrd incorporation into these cells. In concentrations above 10 μM, nicotine had detrimental effects leading to the detachment of A549 cells from the cell culture plates (data not shown). Moreover, the addition of nicotine with estradiol did not further promote A549 cell proliferation when compared to estradiol alone (Fig. 2C) .
Estradiol and nicotine enhance microvascular density (MVD) within A549 tumor xenografts. Next, we performed IHC analyses on various tumor sections to assess whether mice that were exposed to estradiol, nicotine or both agents demonstrated an increase in angiogenesis in the A549 tumor xenografts. As shown in However, quantitative analysis showed that although the nicotine group demonstrated an upward trend in MVD, only the estradiol group and the combination group had statistically significant increases in MVD when compared to controls (Fig. 3B) . Mice that were exposed to the combination 
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of estradiol and nicotine had a 4-fold higher MVD versus controls. The combination of agents resulted in a 2.2-and 1.6-fold enhancement in MVD in the A549 tumors when compared to nicotine alone and estradiol alone, respectively (Fig. 3B) . These results suggest that estradiol and nicotine act in concert to stimulate angiogenesis in vivo.
Estradiol increases VEGF secretion from A549 tumor cells.
To determine a potential mechanism for the increased tumor growth and angiogenesis due to estradiol and nicotine exposure in the tumor xenografts, we performed IHC analyses to examine VEGF expression in the various A549 tumors. As shown in Fig. 4A, estradiol (panel Qualitative assessment of the IHC staining showed that the combination of estradiol and nicotine resulted in the greatest intensity of VEGF staining (Fig. 4A, panel d) .
To confirm these IHC results, we performed Western blotting for VEGF on tissue lysates prepared from the various A549 tumors. As shown in Fig. 4B , nicotine, estradiol and the combination of estradiol and nicotine revealed an increase in VEGF expression compared to controls. This trend corroborates with the IHC data showing only a slight increase in VEGF expression in the nicotine-treated versus control xenografts. Estradiol elicited a greater stimulation of VEGF while the combination of estradiol and nicotine resulted in the highest level of VEGF expression.
To explore if this phenomenon was a universal effect seen in various NSCLC cell lines, we performed a VEGF ELISA on CM collected from A549, H23, 128-88T, 91T and 784T NSCLC cell lines. We found an increase in VEGF concentration in the CM of all of the aforementioned cell lines in response to exposure to estradiol (Fig. 4C) . The stimulatory effects of estradiol on VEGF secretion saturated at the 10 nM concentration in all of the NSCLC cells. Only the H23 cell line was statistically responsive to the lowest concentration (0.1 nM) of estradiol. Surprisingly, nicotine alone or in combination with estradiol had no stimulatory effect on VEGF secretion in the NSCLC cell lines when compared to vehicle-treated cells (data not shown). These data suggest that estradiol stimulates the secretion of VEGF from human NSCLC cell lines. 
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Estradiol has been shown to directly promote the proliferation of endothelial cells (26, 27) and VEGF expression in breast cancer cells (28) (29) (30) (31) , thereby stimulating angiogenesis. However, the effects of estradiol on lung tumor angiogenesis have not been determined. In this study, we report that estradiol stimulated angiogenesis in A549 bronchioloalveolar carcinoma xenografts demonstrating a 2.5-fold increase in tumor MVD when compared to control mice. Additionally, estradiol promoted VEGF expression in various NSCLC cell lines in vitro. Furthermore, mice that were supplemented with estradiol developed A549 tumors with increased VEGF expression compared to mice without supplementation. To the best of our knowledge, this is a novel finding showing that estradiol stimulates the secretion of a major angiogenic factor in NSCLC cells. In addition to enhancing angiogenesis and VEGF secretion, estradiol directly induces the proliferation of lung tumor cell lines in vitro and in vivo (5) , through the stimulation of estrogen receptors that are present in NSCLC cell lines (6, 7) . Importantly, ERß receptors that are expressed in both normal and cancerous lung tissue possess functionality when stimulated with estradiol (4). We observed that estradiol promoted A549 cell proliferation in vitro and augmented the number of proliferating nuclei in A549 tumor xenografts corroborating these recent studies. Taken together, the above results indicate that estradiol has multiple functions such as promotion of tumor cell proliferation and stimulation of angiogenesis, illustrating its important roles in lung tumor progression.
Previous studies indicate that nicotine stimulates vascular endothelial cell DNA synthesis, proliferation (19) and endothelial cell tube-like formation (21) in vitro. In addition, nicotine (100 μg/ml) delivered to mice via their drinking water has been shown to promote angiogenesis in multiple models such as hind limb ischemia reperfusion, artherosclerotic plaque growth and Lewis lung carcinoma growth (21) . In our study, nicotine (100 μg/ml) was unable to promote A549 tumor growth in mice (data not shown). However, an increase in the nicotine dose to 200 μg/ml slightly stimulated A549 lung tumor growth and angiogenesis in comparison to control tumors albeit to a lesser degree than estradiol. Nicotine exposure resulted in a 1.8-fold increase in tumor MVD while modestly increasing VEGF expression when compared to control mouse tumors.
In our system, we observed that increasing concentrations of nicotine were unable to increase BrdUrd incorporation in vitro in the A549 cells, even though these cells express the ·7 nicotinic acetylcholine receptor (32) . Similar results were reported showing that nicotine did not stimulate Lewis lung carcinoma cell proliferation in vitro (21) . We observed an increase in the proliferation index (Ki-67 staining) of A549 tumors from nicotine-treated mice when compared to control tumors. It is plausible that active metabolites of nicotine and/or factors in the milieu of the tumor microenvironment in vivo that are not present in the cell culture may have contributed to these results. Cotinine, a major metabolite of nicotine was demonstrated to be more potent than nicotine in stimulating the up-regulation of VEGF in endothelial cells (20) . Since VEGF is a potent mitogen, it is reasonable to believe that the enhanced cellular proliferation in nicotinetreated tumor xenografts was a result of VEGF-stimulated tumor angiogenesis. Intriguingly, VEGF has recently been shown to promote lung cancer cell proliferation (33) . Thus, the nicotine-induced VEGF is probably responsible for the enhanced tumor and/or endothelial cell proliferation in these tumor xenografts.
Although recent reports demonstrate that estradiol and nicotine play important roles in lung tumor progression and angiogenesis, whether these two agents act in an additive or synergistic fashion in inducing angiogenesis has yet to be determined. In this study, we show that the combination of estradiol and nicotine enhanced NSCLC tumor volume to a greater degree than either compound alone. We present that estradiol and nicotine exposure resulted in a 4-fold increase in tumor MVD compared to control tumors, thus demonstrating an additive effect on tumor angiogenesis. Moreover, the combination of agents resulted in the most robust increase in VEGF secretion in vivo when compared to control, nicotine-and estradiol-treated A549 tumors. Interestingly, estradiol and nicotine did not result in an additive effect on VEGF secretion in vitro when compared to estradiol alone in the NSCLC cell lines tested. These additive effects of estradiol and nicotine on angiogenesis are likely the result of multiple mechanisms such as the promotion of endothelial cell proliferation and up-regulation of pro-angiogenic growth factors such as VEGF in the in vivo tumor microenvironment.
In conclusion, our results show that the combination of estradiol and nicotine has an additive effect on lung tumor angiogenesis through the stimulation of VEGF secretion thus enhancing the growth of A549 tumor xenografts. It appears that estradiol and nicotine functionally cooperate on the tumor and stromal compartments by having direct effects on tumor and endothelial cell proliferation and expression of angiogenic factors. Considering that increases in VEGF levels and angiogenesis have been correlated with poor patient prognosis and survival in lung cancer, this study provides further evidence illustrating the important roles that estrogen and nicotine take part in during lung tumor progression. Future lung cancer therapies for women may include the use of anti-estrogens similar to current treatments for breast cancer. Furthermore, all patients afflicted with lung cancer should be strongly encouraged to stop smoking not only to avoid the continual exposure to tobacco smoke carcinogens, but also possibly due to the pro-angiogenic effects of nicotine.
